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Abstract. In the simplified dark matter models commonly studied, the mass generation
mechanism for the dark fields is not typically specified. We demonstrate that the dark matter
interaction types, and hence the annihilation processes relevant for relic density and indirect
detection, are strongly dictated by the mass generation mechanism chosen for the dark sector
particles, and the requirement of gauge invariance. We focus on the class of models in which
fermionic dark matter couples to a spin-1 vector or axial-vector mediator. However, in order
to generate dark sector mass terms, it is necessary in most cases to introduce a dark Higgs
field and thus a spin-0 scalar mediator will also be present. In the case that all the dark
sector fields gain masses via coupling to a single dark sector Higgs field, it is mandatory that
the axial-vector coupling of the spin-1 mediator to the dark matter is non-zero; the vector
coupling may also be present depending on the charge assignments. For all other mass
generation options, only pure vector couplings between the spin-1 mediator and the dark
matter are allowed. If these coupling restrictions are not obeyed, unphysical results may be
obtained such as a violation of unitarity at high energies. These two-mediator scenarios lead
to important phenomenology that does not arise in single mediator models. We survey two-
mediator dark matter models which contain both vector and scalar mediators, and explore
their relic density and indirect detection phenomenology.ar
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1 Introduction
The search for particle interactions of dark matter (DM) is currently being pursued across a
great variety of experiments. Foremost amongst these are the searches for Weakly Interact-
ing Massive Particles (WIMPs) [1, 2]. The WIMP mass and coupling parameters are being
probed with unprecedented sensitivity at in direct detection experiments such as LUX [3, 4]
and PandaX-II [5], the mono-X searches at the Large Hadron Collider [6–35], and in indirect
detection analysis of astrophysical gamma-ray fluxes such as those measured by the Fermi-
LAT satellite [36]. The physics reach of these searches is such that we can realistically expect
to cover much of the WIMP parameter space in the near future. As such, it is imperative
to have well-formulated models of DM interactions which span a comprehensive spectrum of
possible interaction types, in a manner which is as model independent as possible. Simplified
models address this aim by introducing a single DM candidate and a mediator which com-
municates between the dark and SM sectors [37–44]. The three most commonly considered
benchmark simplified models involve the interaction of fermionic DM with Standard Model
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(SM) fermions via a spin-1 s-channel mediator, a spin-0 s-channel mediator, or a spin-0
t-channel mediator [42].
These simplified models are an improvement over the effective field theory approach [26,
45, 46] which was used for many recent collider and non-collider WIMP searches, yet suffers
from unitarity issues when used outside the region of validity [47–57]. However, the simplified
models are still far from ideal. Indeed, by their simplified nature, they are are not intrinsi-
cally capable of capturing the realistic phenomenology of many UV complete theories, which
may have multiple dark-sector field content. More critically, separate consideration of the
benchmark simplified models can lead to scenarios that are not physically viable. Indeed,
the simplified models suffer some of the same issues that plague the effective field theory
approach, such as violations of perturbative unitarity that arise because gauge invariance is
not respected [23, 47–60].
As an example of such an issue, simplified models in which the DM has a non-zero axial-
vector coupling to a spin-1 mediator will violate perturbative unitarity at high energies [58,
61]. This can be remedied by introducing a dark Higgs field to unitarize the longitudinal
component of the Z ′ [58, 61–63]. The dark Higgs may also provide mass to the DM itself. The
minimal self-consistent approach is then a multi-mediator model, featuring both spin-1 and
spin-0 mediators1. This of course can alter the phenomenology, even at low energies. In our
recent work [62], we considered indirect detection signals in a scenario with a Majorana DM
candidate χ, in which the couplings of a Z ′ and scalar, s, are related by gauge invariance.
In this scenario, the presence of both the s and Z ′ mediators opens a dominant s-wave
annihilation channel, χχ→ sZ ′, that does not arise when a single-mediator is considered in
isolation [62]. This has a dramatic impact on the indirect detection phenomenology.
An important consideration for DM models is the mass generation mechanism for the
dark sector fields. Although commonly left unspecified in the simplified model approach, with
mass terms simply added by hand, we shall argue that the mechanism of mass generation
has significant consequences that cannot be ignored. For a spin-1 mediator with only vector
couplings, a standard procedure is to appeal to the Stueckelberg mechanism to introduce
a mass for the vector boson. However, this is valid only for a pure vector, with vanishing
axial-vector couplings to fermions. This is a very specific scenario, and there is no reason to
assume it is correct. In fact, the Higgs mechanism is the only mass generation mechanism
we know is realized by nature, as confirmed by the recent experimental discovery of the SM
Higgs boson. As such, it is well motivated to consider a variety of scenarios where different
dark sector fields acquire their mass by various methods: the Stueckelberg mechanism, a
dark Higgs mechanism, or in cases where it is allowed, simply with a bare mass term.
We will show that the annihilation processes, and hence both the relic density and
indirect detection constraints, are strongly dictated by the mass generation mechanisms.
Interestingly, we will also show that depending on the choice of mass generation mechanism,
only particular interactions types are allowed, as dictated by dark gauge invariance. In
most cases, only pure vector couplings of the spin-1 mediator to fermionic DM are allowed.
Conversely, if a single dark Higgs mechanism gives mass to all the dark sector fields, the
axial-vector coupling of the spin-1 mediator to the DM is required to be non-zero. Such
restrictions do not map to the single-mediator simplified models, despite being a compelling
possibility (or in some cases, a requirement). Again, this phenomenology is not accurately
captured by the single mediator simplified model framework.
1Multi-mediator models have also been considered recently in Refs. [62–66].
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The purpose of this paper is to undertake a more complete study of simplified models
that contain both a scalar and vector mediator. In all cases, we will be sure to enforce
gauge invariance with respect to the dark U(1)χ interaction (dark gauge invariance), which is
important to ensure physically well behaved cross sections. We will consider Dirac DM, which
allows for a wider combination of coupling types, each with their own distinct phenomenology.
Results for Majorana DM can be obtained in the limit of one of the scenarios we investigate
in this paper. We focus, in particular, on hidden-sector type models [67–92], where the DM
annihilates directly to the mediators, which then decay to SM particles via small couplings
between the dark and visible sectors. In section 2 we outline mass generation for spin-1
simplified models, and in section 3 we briefly discuss the standard assumption for mass
generation in spin-1 models, before investigating three other compelling mass generation
scenarios in sections 4, 5 and 6, detailing models, annihilation processes and relic density
constraints. We present indirect detection constraints in section 7 and summarize our findings
in section 8.
2 Mass Generation for Spin-1 Simplified Models
The mass generation mechanism for fermionic DM in spin-1 simplified models is tightly cor-
related with the DM interaction type. In the case that DM is Majorana, the Z ′ can have only
axial-vector couplings to the DM, as vector couplings of Majorana particles vanish. In the
case where DM is Dirac, both vector and axial-vector couplings to the Z ′ can simultaneously
be present. For both DM types, the presence of an axial-vector coupling is significant, as it
implies that
1. The DM mass must arise after symmetry breaking, as the U(1)χ gauge symmetry
prevents a bare mass term for χ, and
2. A U(1)χ symmetry breaking mechanism is required to give the Z
′ mass, in order to
unitarize the longitudinal component of the Z ′.
A single dark Higgs field is an economical solution to these issues. In the following sections,
we will show that the only scenario in which an axial-vector coupling is possible in a spin-1
mediator model is if there is a dark Higgs which interacts with both the DM and the dark
gauge boson. Moreover, the axial coupling is not merely possible in this case, but in fact
required to be non-zero by gauge invariance. We take the DM to be Dirac, as this permits
the broadest range of possible coupling types. A related model involving Majorana fermions
can be found in Ref. [62] and is closely related to a specific realization of scenario II presented
below.
For Dirac DM, it is possible to have pure vectorlike couplings to the Z ′ and so it is
possible to include a bare mass term for DM, and use the Stueckelberg mechanism2 to provide
a mass for the Z ′, such that no dark Higgs is needed. Nonetheless, even in the case of pure
vector couplings, a dark Higgs may still provide mass for one or both of the Z ′ and DM.
Furthermore, when the Z ′ and DM masses arise from different mechanisms, the coupling of
2In Abelian gauge theories, the Stueckelberg mechanism can be taken as the limit of the Higgs mechanism
where the mass of the real scalar is sent to infinity and only the pseudoscalar is present; however it is not
always easily realized in more complicated scenarios. In particular, unitarity is already violated at tree-level
in a non-Abelian theory with a Stueckelberg Lagrangian and thus the theory is not renormalizable [93–101].
In general the Stueckelberg mechanism should be treated as an alternative to the Higgs mechanism for mass
generation.
– 3 –
Scenario χ mass Z ′ mass Required χ− Z
′
coupling type
Annihilation
processes
Z ′
pol
I
Bare mass
term
Stueckelberg
mechanism
Vector Z ′T
II
Yukawa
coupling to
Dark Higgs
Dark Higgs
mechanism
Vector & axial-vector
or
pure axial-vector.
The U(1) charge
assignments of χL
and χR determine the
relative size of the V
and A couplings.
The axial-vector
coupling must be
non-zero.
Z ′T
&
Z ′L
III
Yukawa
coupling to
Dark Higgs
Stueckelberg
mechanism
Vector Z ′T
IV
Bare mass
term
Dark Higgs
mechanism
Vector Z ′T
Table 1. The spectrum of scenarios with distinct phenomenology once mass generation is specified.
All t-channel annihilation processes have an accompanying u-channel process which is not shown. All
processes shown are s-wave, except for χχ → s → Z ′Z ′ diagram in scenario II, which while p-wave
when considered alone, is part of the process χχ → Z ′Z ′. For scenario III, as the dark Yukawa and
gauge coupling are not correlated, the p-wave annihilation to two dark Higgs, χχ→ ss, can have an
impact on the relic density if the gauge coupling is sufficiently small to suppress the s-wave processes.
Otherwise, the s-wave processes shown dominate, even at freeze-out. The final column displays the
polarization of the Z ′ bosons produced by these annihilation processes (in the E2Z′  m2Z′ limit).
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the DM to the scalar and vector mediators are no longer related to each other, and hence the
phenomenology is less constrained. We are thus led to a spectrum of models in which both
scalar and vector mediators would be present. We outline the phenomenologically distinct
scenarios in Tab. (1).
3 Scenario I: Bare DM Mass and Z ′ Mass from Stueckelberg Mechanism
Interaction type required: Pure Vector
This is the most minimal gauge-invariant scenario, and is permitted only if there are pure
vectors couplings between the DM and the Z ′. Unlike the axial-vector scenario, a dark Higgs
is not mandatory in the pure vector case because
1. The Z ′ gauge boson can acquire a mass via the Stueckelberg mechanism.
2. As χ is vectorlike with respect to the U(1)χ, i.e. QχR = QχL , a bare χ mass term is
permitted.
3.1 Model
The Lagrangian for this case is simply
L = LSM + i χ(∂µ + igχQV Z ′µ)γµχ−
sin 
2
Z ′µνBµν −mχχχ+ 1
2
m2Z′Z
′µZ ′µ. (3.1)
where QV is the vectorlike U(1)χ charge of the DM, which can be chosen freely, and the
 term describes kinetic mixing of the U(1)χ gauge boson with the SM hypercharge gauge
boson. This is the only spin-1 mediator scenario where it is possible to avoid the inclusion
of a dark Higgs. This case has been thoroughly covered in the literature (for a review see,
e.g., [43]); we do not discuss it further.
4 Scenario II: DM Mass and Z ′ Mass both from Dark Higgs Mechanism
Interaction type required: Non-Zero Axial-Vector
We now consider the case where both the DM and the dark gauge boson acquire mass from
a single dark Higgs. We will show that this requires the axial-vector DM-Z ′ interaction to
be non-zero. The reason is simple: the dark Higgs field, S, must clearly carry U(1)χ charge
if its vacuum expectation value (vev) is to break that symmetry. A Yukawa coupling of the
dark Higgs to the DM of the form yχχRχLS is then possible only if the DM is chiral, i.e.
χL and χR carry different U(1)χ charges. This guarantees that the axial couping is non-zero
(while the vector couplings may be either zero or non-zero depending on the U(1)χ charge
assignments).
4.1 Model
We investigate the phenomenology of the most minimal model containing a dark gauge boson
and a dark Higgs field, by simply extending the Standard Model by an extra U(1). The
gauge group is thus: SU(3)c ⊗ SU(2)W ⊗ U(1)Y ⊗ U(1)χ. Here the covariant derivative is
Dµ = D
SM
µ +iQgχZ
′
µ, where Q denotes the U(1)χ charge. The SM field content is augmented
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by a Dirac fermion DM candidate, χ, a spin-1 dark gauge boson, Z ′, and a dark Higgs field
S. The vev of the dark Higgs field provides a mass generation mechanism for the dark
sector fields Z ′ and χ. Before electroweak and U(1)χ symmetry breaking, the most general
Lagrangian is
L = LSM + iχL /DχL + iχR /DχR − (yχχRχLS + h.c.)
+ (DµS)†(DµS)− µ2sS†S − λs(S†S)2 − λhs(S†S)(H†H)−
sin 
2
Z ′µνBµν . (4.1)
We assume that the SM fields are not charged under U(1)χ. There are thus only two possible
terms that couple SM and dark-sector fields: the kinetic mixing of the U(1) gauge boson
with the hypercharge gauge boson, controlled by the kinetic mixing parameter , and mixing
of the dark Higgs, S, with the SM Higgs, H, controlled by the Higgs mixing parameter λhs.
In order for the χ-S Yukawa term to be gauge invariant, the charges of the dark sector
field must be chosen to satisfy3
QχR −QχL = QS . (4.2)
We can set the dark Higgs charge to be QS = 1, without loss of generality, as any other
choice can be absorbed into a rescaling of the dark gauge coupling. The χ charges therefore
satisfy
QA ≡ 1
2
(QχR −QχL) =
1
2
, (4.3)
QV ≡ 1
2
(QχR +QχL) =
1
2
+QχL . (4.4)
These charges determine the vector and axial-vector couplings of the Z ′ to the χ. We see
that the axial-vector coupling is completely determined, while there is freedom to adjust the
vector coupling by choosing QχL,R appropriately. For instance, QχL = 0 would lead to equal
vector and axial-vector couplings, while QχL  1 would lead to a vector coupling much
larger than the axial-vector. Pure axial-vector is obtained with QχL = −1/2; this produces
phenomenology similar to the Majorana model studied in [62]. Pure vector, on the other
hand, can only be approximately reached in the limit QV  1, but never fully realized4, as
dark gauge invariance prevents the axial-vector from being exactly zero.
Both S and H obtain vevs, breaking SU(3)c⊗SU(2)L⊗U(1)Y ⊗U(1)χ down to SU(3)c⊗
U(1)em. In the broken phase, the terms of interest are
L ⊃− 1
2
m2ss
2 +
1
2
m2Z′Z
′µZ ′µ −mχχχ
+ g2χwZ
′µZ ′µs− λsws3 − 2λhsh s(v s+ w h) + gf
∑
f
Z ′µfΓ
µ
ff (4.5)
− gχQV Z ′µχγµχ− gχQAZ ′µχγµγ5χ−
yχ√
2
sχχ ,
3For anomaly cancellation there must be additional fields charged under the dark U(1). However, we
include only the lightest of such fields as the DM candidate, as the others can be made heavier such that the
phenomenology is not affected, as they make a subdominant contribution to the relic density, as can be seen
from section 4.3.
4It is also important to note that there exist relations between the axial-vector coupling size and the
masses of the dark sector fields [58]. Therefore, for almost all mass choices of the dark sector fields, it is not
possible to make the axial-vector coupling vanishingly small relative to the vector coupling without the vector
coupling becoming non-perturbative. Thus, the axial-vector coupling is effectively never negligible and cannot
be neglected even in limiting cases.
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where the component fields of S and H are defined in the broken phase as S ≡ 1√
2
(w+s+ ia)
and H =
{
G+, 1√
2
(v + h+ iG0)
}
with G+, G0 and a being the Goldstone bosons of W , Z
and Z ′ respectively, while s and h are real scalars. The coupling gf , which controls the
interactions of the Z ′ with SM fermions, is dictated by the kinetic mixing; the explicit form
can be found, e.g., in Ref. [102]. We assume that the scalar mixing parameter λhs is small,
which implies that the the SM Higgs is not significantly perturbed by the new physics. In
this limit, the dark Higgs vev satisfies w2 = −µ2s/λs and the various masses are:
mZ′ = gχw, (4.6a)
mχ =
1√
2
yχw, (4.6b)
m2s ' −2µ2s, (4.6c)
m2h ' −2µ2h . (4.6d)
Importantly, because both the DM and Z ′ masses are both proportional the to vev of the
dark Higgs, their masses and couplings are not all independent parameters but instead are
related as
yχ/gχ =
√
2mχ/mZ′ . (4.7)
4.2 Cross Sections
The relevant annihilation process for this scenario are shown in Tab. (1). The χχ → sZ ′
annihilation receives contributions from both s and t/u channel processes, while s-wave
contributions to the χχ → Z ′Z ′ process arise only from the t/u channel diagrams. (Note,
however, that the contribution of the s-channel scalar exchange diagram to the annihilation
to Z ′Z ′ is necessary to unitarize the cross section at high energy. Without this contribution,
longitudinal Z ′L contributions would lead to unphysical high energy behavior of the p-wave
term.) The s-wave contributions to the annihilation cross sections are given by
〈σv〉χχ→Z′Z′ =
g4χ (1− ηZ′) 3/2
(
16Q4V ηZ′ + 8Q
2
V (4− 3ηZ′) + ηZ′
)
64pim2χ (ηZ′ − 2) 2ηZ′
, (4.8)
and
〈σv〉χχ→sZ′ =
g4χ
√
(ηs − ηZ′ − 4)2 − 16ηZ′
1024pim2χ (ηZ′ − 4)2 η2Z′ (ηs + ηZ′ − 4)2
×{
(ηZ′ − 4)2 (ηs + ηZ′ − 4)2
(
(ηs − ηZ′ − 4)2 − 16ηZ′
)
(4.9)
+ 4Q2V ηZ′
[
η4sηZ′ − 16η3sηZ′ − 2η2s
(
η3Z′ − 44η2Z′ + 80ηZ′ − 64
)
+ 64ηs (ηZ′ − 4) 2 (ηZ′ − 1) + (ηZ′ − 4) 4 (ηZ′ + 8)
]}
,
where ηs,Z′ = m
2
s,Z′/m
2
χ. As explained above, we have set QS = 1 = 2QA without loss of
generality, while QV is left as a free parameter. Also note that we have used Eq. (4.7) to
replace the Yukawa coupling yχ with the gauge coupling gχ.
These annihilation cross sections are plotted in Fig. (1). We see that the Z ′Z ′ cross
section becomes approximately independent of the DM mass when mχ  mZ′ , while the
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Figure 1. Relative cross sections for the two dominant s-wave annihilation processes in scenario
II, χχ → sZ ′ (blue) and χχ → Z ′Z ′ (orange), for example choices of the dark Higgs mass and the
Z ′ mass, as labeled. This scenario requires 2QA = QS = 1, and we have chosen QV = 1/2. The
gauge coupling has been set to gχ = 0.1, but as all cross sections are directly proportional to g
4
χ they
can easily be scaled by adjusting this parameter. For reference, the approximate thermal relic cross
section is shown as the gray dashed line.
sZ ′ cross section rises with mχ. (This is to be contrasted with the behavior in cases III and
IV, where all cross sections decline as mχ is increased.) This is an interesting consequence
of having both vector and axial-vector interactions present: For the Z ′Z ′ process, there is a
V − A interference which gives rise to longitudinal Z ′ domination in the m2χ  mZ′ limit5.
The sZ ′ process is also dominated by Z ′L contributions in this limit. This can be understood
by appealing to the Goldstone boson equivalence theorem which, in the high energy limit,
relates the amplitude for emission of a longitudinally polarized gauge boson (Z ′L) with that for
the emission of the corresponding Goldstone boson (the pseudoscalar a). For the χχ→ sZ ′
process, in addition to the transverse contributions we have χχ → sZ ′L, which in the high
energy limit is equivalent to χχ→ sa. As this scalar plus pseudoscalar final state is odd under
parity, this is an s-wave process. For the χχ→ Z ′Z ′ process, if both Z ′L are replaced by their
Goldstones we would have χχ→ aa, which is even under parity and thus p-wave. However,
a combination of longitudinal and transverse modes are possible, χχ → Z ′LZ ′T , which is
equivalent to the s-wave process χχ→ aZ ′T and thus dominates at high energy. Notice that
the sZ ′ process, in addition to external Z ′L contributions, also receives contributions from
the longitudinal Z ′ mode in the s-channel Z ′ propagator. This contribution leads to four
powers of mZ′ in the denominator of the sZ
′ cross section. In contrast, the Z ′Z ′ cross section
receives Z ′L contributions only from a single final state Z
′, and so has only two powers of
mZ′ in the denominator. The Z
′Z ′ process is thus is sub-dominant to the sZ ′ process when
both are kinematically allowed6.
4.3 Relic Density
An important requirement for a DM model is to produce the correct relic density. Note,
however, that a full DM model is likely to have more dark sector fields than the simplified
5If QV were chosen to be zero, such that the Z
′ coupling were pure axial, there would be no V − A
interference and the s-wave part of the Z′Z′ cross section would not be enhanced by longitudinal Z′ modes.
This situation maps onto the Majorana DM case studied in Ref. [62].
6Note that because the Yukawa and gauge coupling constants are related via Eq. (4.7), it is not possible
to change the relative size of the annihilation to Z′Z′ and sZ′ by adjusting these parameters.
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models considered here, which may impact the relic density determination. Nonetheless, we
shall determine the relic density constraints for our simplified models, to serve as a guide to
the viable regions of parameter space.
We use micrOMEGAs 3 [103] to calculate the DM relic density, and compare with the
recent determination by the Planck collaboration [104],
Ωχh
2 = 0.1196± 0.0031. (4.10)
For different Z ′ and dark Higgs mass, we scan the parameter space and find that the
DM relic density can be saturated fairly easily. We show the relic contours in Fig. (2) as a
function of mχ and gχ for fixed mZ′ and ms, and QV = 1/2. In each panel, the observed
relic Ωχh
2 = 0.1196 is depicted by a black solid line, while red dot-dashed and blue dotted
lines show contours for Ωχh
2 = 0.01 and 1.0 respectively. The central panel clearly shows
the resonant enhancement of the annihilation to Z ′Z ′ through the s-channel scalar exchange,
as a spike near mχ ∼ 100 GeV. Other features of the relic contours in the middle and right
panels are associated with the sZ ′ final state. The parameter regions shown in Fig. (2) all
satisfy λs <
√
4pi.
Ωχh2=0.01
Ωχh2=0.1196
Ωχh2=1.0
yχ>(4π)1/2
mZ'=20 GeV
ms=20 GeV
0 200 400 600 800 1000
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0(g χ
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yχ>(4π)1/2
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0 200 400 600 800 1000
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0(g χ
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)
Figure 2. Dark matter relic density contours in scenario II, as a function of mχ and gχ, for various
choices of the dark Higgs and Z ′ mass, as labeled. This scenario requires 2QA = QS = 1, and we have
chosen QV = 1/2. The red dot-dashed, the black solid and the blue dotted lines denote the contours
for Ωχh
2 = 0.01, 0.1196 and 1.0 respectively. In the shaded region the Yukawa coupling yχ is larger
than
√
4pi.
5 Scenario III: DM Mass from Dark Higgs Mechanism, Z ′ Mass from
Stueckelberg Mechanism
Interaction type required: Pure Vector
We now consider a scenario where the mass of the χ and Z ′ arise from different mechanisms.
Specifically, we assume the χ mass is due to a Higgs mechanism, while the Z ′ mass arises
from the Stueckelberg mechanism. As a result only pure vector interactions of the χ and
Z ′ are permitted. Here the dark U(1)χ remains unbroken, and instead the dark Higgs must
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break some other symmetry under which the DM is charged. This scenario divorces the Z ′
physics from the dark Higgs physics7.
5.1 Model
The most minimal Lagrangian for this setup is
L = LSM + i χ
(
/∂ + igχQV /Z
′)χ− yχ√
2
χχφ (5.1)
+
1
2
∂µφ∂
µφ− 1
2
µ2sφ
2 − 1
4
λsφ
4 − 1
2
λhsφ
2(H†H)− sin 
2
Z ′µνBµν ,
with the real scalar φ = w+s, where w is the vev of φ and s is the dark Higgs. The vectorlike
charge QV can be chosen freely. Again, the dark sector interacts with the visible sector in
two ways: via kinetic mixing or Higgs mass mixing.
As the dark Higgs is responsible only for generating fermion masses, a real scalar is
sufficient to accomplish this task. (The dark Higgs must break the U(1)χ in all other scenarios
we consider, which requires a complex scalar.) If we introduce a complex scalar instead,
the extra degree of freedom will be a massless Goldstone boson and will contribute to the
radiation energy density of the universe. If the Goldstones had the same temperature as
the SM neutrinos, they would make a contribution equivalent to Nνeff = 4/7, in marginal
agreement with current experimental observations. However, their contribution to Nνeff would
be suppressed if they decoupled early enough to not be heated by the annihilations of some
SM species [105].
5.2 Cross Sections
As shown in Tab. (1), both the Z ′Z ′ and sZ ′ processes receive contributions only from the
t/u channel diagrams, as the absence of a Z ′–s interaction eliminates the s-channel diagrams
of scenario II. The s-wave contributions to the annihilation cross sections are given by
〈σv〉χχ→Z′Z′ =
g4χQ
4
V (1− ηZ′)3/2
4pim2χ (ηZ′ − 2)2
(5.2)
and
〈σv〉χχ→sZ′ =
g2χQ
2
V y
2
χ
√
(ηs − ηZ′ − 4)2 − 16ηZ′
(
(ηs − ηZ′ − 4)2 + 8ηZ′
)
64pim2χ (ηs + ηZ′ − 4)2
, (5.3)
where ηs,Z′ = m
2
s,Z′/m
2
χ.
The relative size and behavior of these cross sections can be seen in Fig. (3). Given
that the Z ′ obtains mass from the Stueckelberg mechanism, there are no contributions to
the cross sections from longitudinal Z ′ modes. Therefore, all cross sections decrease with
increasing DM mass. It is possible to dial the strength of one annihilation process relative
to the other by adjusting the dark Yukawa coupling yχ and the dark gauge coupling gχ,
which are independent parameters. (This freedom was not available in scenario II, where
7This situation has a SM analogue where χ is replaced by the electron and Z′ is replaced by the photon: the
electrons have vector couplings to the photon of an unbroken U(1)QED; the electron mass comes from breaking
the electroweak symmetry with the SM Higgs; the SM Higgs does not couple to the photon or contribute to
the photon mass. The annihilation χχ→ sZ′ is then the analogue of e+e− → hγ.
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Figure 3. Cross section for the two dominant s-wave annihilation processes of scenario III, χχ→ sZ ′
(blue) and χχ → Z ′Z ′ (purple), for some example choices of the dark Higgs mass, the Z ′ mass, and
the dark gauge and Yukawa couplings, as labeled. Here QV = 1. Notice, by comparing the top two
panels, that either process can be chosen to dominate by varying the dark gauge coupling and the
dark Yukawa coupling. The approximate thermal relic cross section is shown as the gray dashed line.
the couplings were related.) This is shown in the top two panels of Fig. (3). This also
means that if gχ  yχ then p-wave processes such as χχ→ ss (which scale as y4χ) may have
an important effect on the relic density, as the otherwise dominant Z ′Z ′ and sZ ′ processes
(which scale as g4χ and g
2
χy
2
χ respectively) would be suppressed by the small gauge coupling.
However, it is difficult to make the annihilation to ss dominate in the universe today, where
the p-wave modes are suppressed by v2χ ≈ 10−6. To do so would require g2χ ∼ 10−6y2χ which,
while possible, is a very tuned scenario that we shall not consider. The relevant diagrams for
annihilation to ss are shown in Fig. (4).
5.3 Relic Density
In Fig. (5), we show the relic density contours as a function of DM mass mχ and the dark
gauge coupling gχ for various values of the Z
′ mass, dark Higgs mass, QV = 1 and fixed ratios
of yχ/gχ. The color codes for the contours are the same as in the previous scenario. The
different choices of yχ/gχ are embodied in the thickness of the lines: thinner for yχ/gχ = 1 and
thicker for yχ/gχ = 5. Obviously for the same gχ, a larger yχ/gχ ratio results in a larger cross
section for χχ→ sZ ′ and thus a smaller relic density; a smaller gχ is thus needed to obtain
the same relic density, resulting in an overall downward shift of the contours. In this scenario,
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Figure 4. DM annihilation to two dark Higgs bosons, χχ → ss. Despite being p-wave suppressed,
these processes can make a non-negligible impact on the relic density at freeze-out, particularly if the
gauge coupling is sufficiently small to suppress the s-wave processes.
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Figure 5. Relic density contours for scenario III, as a function of mχ and gχ, for various choices of the
dark Higgs and Z ′ mass and ratio of couplings constants, as labeled. The thin (thick) red dot-dashed,
solid black and dotted blue lines denote Ωh2 = 0.01, 0.1196 and 1, respectively, for yχ/gχ = 1 (5).
In the light purple shaded regions, the Yukawa coupling yχ is larger than
√
4pi for yχ/gχ = 5; it is
always perturbative in the parameter space shown when yχ/gχ = 1. The region shaded blue (gray)
on the left side of each panel shows the perturbativity bound for λs with yχ/gχ = 1 (5) .
the quartic coupling λs can be expressed as λs ' y2χm2s/(4m2χ). The perturbativity bounds
for λs are shown by the shaded gray regions, while the parameter space where yχ >
√
4pi
(yχ/gχ = 5 only) is shown as the light purple region.
The dips in Fig. (5) correspond to kinematic opening of various channels when 2mχ >
m1 + m2 with m1,2 being the masses of the annihilation product. For 2mχ < m1 + m2, the
annihilation of DM through these channels will be exponentially suppressed. So in the left
panel, where mZ′ = ms = 20 GeV, all three channels, sZ
′, Z ′Z ′ and ss, are open at the
same time and no dips occur beyond this mass. For the middle and right panels of Fig. (5),
there is a dip at mχ ' 110 GeV corresponding to the sZ ′ channel. In the middle panel, the
ss channel begins to contribute around mχ ' 200 GeV; the effect is more pronounced for
larger yχ, leading to a prominent dip for yχ/gχ = 5 but not for yχ/gχ = 1. In the right panel,
however, there is no dip around 200 GeV for the Z ′Z ′ channel, since the Z ′Z ′ cross section
is always subdominant to the sZ ′ cross section for the couplings chosen.
– 12 –
6 Scenario IV: Bare DM Mass, Z ′ Mass from Dark Higgs Mechanism
Interaction type required: Pure Vector
An alternative scenario in which the mass of the DM and Z ′ arise from different mechanisms,
is to have a bare mass for the χ and use a dark Higgs mechanism to provide mass for the Z ′.
In this scenario, again, only pure vector interactions of the χ and Z ′ are permitted.
6.1 Model
In this scenario, the most minimal gauge invariant Lagrangian is
L = LSM + i χ
(
/∂ + igχQV /Z
′)χ− sin 
2
Z ′µνBµν −mχχχ (6.1)
+
[
(∂µ + igχQSZ
′µ)S
]† [
(∂µ + igχQSZ
′
µ)S
]− µ2sS†S − λs(S†S)2 − λhs(S†S)(H†H).
The vectorlike charge QV and dark Higgs charge QS under the dark U(1)χ can be chosen
freely. Again the dark sector interacts with the visible sector in two ways: via kinetic mixing
or Higgs mass mixing.
6.2 Cross Sections
As shown in Tab. (1), the annihilation to sZ ′ proceeds only via the s-channel diagram, as the
DM does not interact directly with the dark Higgs. The annihilation to Z ′Z ′ proceeds via
the t/u and channel diagrams. The s-wave contributions to these annihilation cross sections
are given by
〈σv〉χχ→Z′Z′ =
g4χQ
4
V (1− ηZ′)3/2
4pim2χ (ηZ′ − 2)2
(6.2)
and
〈σv〉χχ→sZ′ =
g4χQ
2
VQ
2
S
√
(ηs − ηZ′ − 4)2 − 16ηZ′
(
(ηs − ηZ′ − 4)2 + 32ηZ′
)
256pim2χ (ηZ′ − 4)2
, (6.3)
where ηs,Z′ = m
2
s,Z′/m
2
χ. The behavior of these cross sections is depicted in Fig. (6). We see
that the shapes of the sZ ′ and Z ′Z ′ cross sections are similar, as both fall off with DM mass
as 1/m2χ. There is no production of longitudinal Z
′
L modes in the high energy limit, which
is consistent with the fact that the DM does not interact with Goldstone modes, given the
absence of a DM-Higgs coupling. Because QV and QS are independent, the relative size of
the Z ′Z ′ and sZ ′ processes can again be scaled relative to each other by appropriate choices
of these charges.
6.3 Relic Density
We plot the relic density contours for this scenario in Fig. (7). As the dark Higgs is responsible
for the Z ′ mass, the quartic coupling may be expressed as λs ' g2χm2s/(2m2Z′). Parameters
excluded by the perturbativity bound on λs are shaded gray; this bound is relevant only for
the middle panel of Fig. (7), where the ratio of ms/mZ′ is larger. Because there is no direct
coupling of the scalar to the DM, there is no annihilation to ss. As a result, the features of
the relic density contours are generally simpler than in the previous scenario. For the chosen
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Figure 6. Relative cross section for the two dominant s-wave annihilation processes in scenario IV,
χχ → sZ ′ (black) and χχ → Z ′Z ′ (magenta), for some example parameter choices for the dark
Higgs mass and Z ′ mass, as labeled. Here QV = 1. Example dark charges QS =1,2 are shown,
which demonstrate how either process can be made to dominate, or both can be made comparable,
if kinematically allowed. For all plots the gauge coupling is set to gχ = 0.5. As all cross sections are
directly proportional to g4χ they can easily be scaled by adjusting this parameter. The approximate
thermal relic cross section is shown as the gray dashed line.
values of QV,S , the annihilation to sZ
′ is subdominant to the Z ′Z ′ process when both are
kinematically allowed. This leads to a dip in the contours of the right panel at mχ ' mZ′ ,
where the Z ′Z ′ modes becomes allowed, but not in the left and center panels where the Z ′Z ′
mode always plays the dominant role.
7 Indirect Detection Phenomenology
We now determine indirect detection constraints on the dominant annihilation modes for the
scenarios discussed, χχ→ Z ′Z ′ and χχ→ sZ ′. The Z ′ and s produced in these annihilations
decay to SM particles, and subsequent hadronization/decay of these SM states leads to
gamma-ray and other fluxes that we may compare with observational limits.
We generate our gamma-ray spectra as per the method outlined in Ref. [62], where a
more detailed description can be found. The kinetic mixing of the Z ′ with the SM hypercharge
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Figure 7. Dark matter relic density contours for scenario IV as a function of mχ and gχ, for various
choices of ms, mZ′ and QV , as labeled. The thin (thick) red dot-dashed, solid black and dotted blue
lines denote Ωh2 = 0.01, 0.1196 and 1, respectively, for QV = 1 (2). We have taken QS = 1. For
the chosen values of QV,S , the sZ
′ contribution is subdominant to that from Z ′Z ′ when both are
kinematically allowed, which accounts for the features of the curves. The light gray shaded region at
the top of the middle panel shows the parameter space excluded by perturbativity bound for λs.
boson permits the decay Z ′ → ff , with a partial width given by
Γ(Z ′ → ff¯) = mZ′Nc
12pi
√
1− 4m
2
f
m2Z′
[
g2f,V
(
1 +
2m2f
m2Z′
)
+ g2f,A
(
1− 4m
2
f
m2Z′
)]
, (7.1)
where Nc is a color factor, relevant for hadronic decays. The gf,V (vector) and gf,A (axial-
vector) structure of the Z ′–f couplings are inherited from the kinetic mixing [102]. The total
decay width for the Z ′ is then simply given by the sum over all the final state fermions,
Γ′Z =
∑
f Γ(Z
′ → ff¯). The dark Higgs decays to the SM due to mass mixing with the SM
Higgs, and so it decays preferentially to heavier particles. The dark Higgs is also permitted to
decay to pairs of Z ′. In order to take into account loop decays and higher order corrections, we
calculate the dark Higgs decay widths numerically with the Fortran package HDecay [106].
The spectra generated are then compared to the strongest indirect detection limits
available for our processes8: the Fermi-LAT Pass 8 data on dwarf spheroidal galaxies (dSphs)
of the Milky Way [36]. To find the limit on the cross section from dSphs, we use the maximal
likelihood method to compare our spectra against those for the dSphs publicly provided
by Fermi-LAT in the Pass 8 data, with the J factor taken to be a nuisance parameter as
per Ref. [36]. We take spectra from 15 dSphs: Bootes I, Canes Venatici II, Carina, Coma
Berenices, Draco, Fornax, Hercules, Leo II, Leo IV, Sculptor, Segue 1, Sextans, Ursa Major
II, Ursa Minor, and Willman 1. The 95% C.L. limits on the annihilation cross section are
shown Fig. (8), for various dark Higgs and Z ′ masses, for both sZ ′ and Z ′Z ′ processes.
The limits we show are independently set on either the χχ→ sZ ′ process or the χχ→
Z ′Z ′ process. They can then be applied to any of the scenarios we study in this paper,
assuming that one of the modes dominates. Indeed, they can also be applied to any model
that features annihilations to a sZ ′ or Z ′Z ′ final state, provided the Z ′ and s communicate
with the SM via kinetic or Higgs mass mixing respectively, as the cross section limits depend
8We also include the approximate limit from AMS-02 at low DM masses, adapted from [85]. This approx-
imate limit is only applicable if the sum of the final state mediators is less than about 70 GeV.
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Figure 8. 95% confidence limits (C.L.) on the annihilation cross section from Fermi Pass 8 data on
15 dwarf spheroidal galaxies. Limits on the sZ ′ process are shown for dark Higgs masses of 20, 100
and 200 GeV, for various Z ′ masses as labeled in the plots. Z ′ masses stated are in GeV. Limits on the
Z ′Z ′ process are shown for Z ′ masses of 20, 250 and 500 GeV. The approximate limit from AMS-02
is shown as a dashed magenta line, and is only applicable if the sum of the final state mediators is
less than about 70 GeV. Intermediate mediator mass limits can be simply obtained from interpolation
of these plots. All these plots can be applicable to any of the scenarios outlined in this paper: the
appropriate limit of sZ ′ or Z ′Z ′ will depend on the specific choices of the couplings, masses and for
which process is kinematically allowed.
only on the gamma-ray spectral shape that characterizes a given annihilation mode. From
Fig. (8) it is clear that the limit on the cross section does not vary greatly with the mediator
mass provided it is kinematically allowed; it is instead the DM mass with which the energy
of final state photons and thus cross section limits is tightly correlated.
The thermal relic cross section required to reproduce the correct relic density for non-self
conjugate DM is approximately 〈σv〉 ≈ 4.4× 10−26 cm3/s [107], which excludes the low DM
mass region where the Fermi limits surpass this sensitivity. However, this statement assumes
that the s-wave contributions to the annihilation cross section dominate both at freeze-out
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and in the universe today. In fact in some cases, such as scenario III, the p-wave processes can
make a non-negligible contribution at freeze-out. This means that the relic density constraint
could be satisfied, yet the cross section in the universe today suppressed, escaping indirect
detection bounds even for low DM mass.
8 Discussion and Summary
We have surveyed a spectrum of phenomenologically distinct two-mediator DM models, con-
taining both a dark vector and dark scalar, where gauge invariance is respected and the mass
terms for the dark sector fields are introduced in a self-consistent way. These two-mediator
DM models correctly capture important phenomenology which is missing in the single medi-
ator approach. Specifically, we modified the usual simplified model setup to incorporate mass
generation for the DM candidate and vector mediator, by using combinations of bare mass
terms, Higgs mechanisms and Stueckelberg mechansims. We found that the DM interaction
types and annihilation processes, and hence both the relic density and indirect detection
constraints, are strongly dictated by the mass generation mechanism we choose for the dark
sector particles:
• Unless the DM and Z ′ masses both receive contributions from the vev of the same
dark Higgs field, pure vector couplings of the spin-1 mediator and DM are required, as
discussed in scenarios III and IV. In these scenarios DM annihilates to both sZ ′ and
Z ′Z ′, with the relative rates to these final states controlled by independent coupling
constants. Moreover, in the high energy limit, only the Z ′T polarization is produced by
these annihilations.
• However, if a dark Higgs mechanism gives mass to all the dark sector fields, as per
scenario II, the axial-vector coupling between the spin-1 mediator and DM must be
non-zero. In this scenario, the sZ ′ and Z ′Z ′ DM annihilation channels are intrinsically
linked. Furthermore, production of the Z ′L polarization enhances the annihilation to
sZ ′. If both the vector and axial-vector couplings are non-zero, the annihilation to Z ′Z ′
is also enhanced by Z ′L (via the V −A interference) though it remains subdominant to
the sZ ′ mode when both are kinematically allowed.
One may imagine generalizations of scenarios III and IV in which the Z ′ and χ masses
arise from two different Higgs mechanisms. Indeed, we would recover scenario III (Stueck-
elberg Z ′ mass) in the limit that the Higgs responsible for the Z ′ mass is taken to infinity.
Likewise, we would recover scenario IV (bare χ mass) in the limit that the Higgs responsible
for the χ mass is taken very large. In these generalizations, the χ-Z ′ coupling remains of
pure vector form. Axial couplings always imply that a Higgs which Yukawa couples to the χ
must carry U(1)χ charge, and hence its vev also contributes to the Z
′ mass, as in scenario II.
Such two-scalar models would lead to additional complexity via mixing in the scalar sector,
but would not introduce any qualitatively new Z ′ physics.
Our results are not captured by the single mediator approach, where the mass generation
mechanism is left unspecified and constraints on the coupling types are not usually applied.
This means that by continuing to use simplified models with a single spin-1 mediator, (i)
we are at best only testing a very specific subset of the possibilities: Dirac DM with a bare
mass and pure vector couplings to a Z ′ with a Stueckelberg derived mass (i.e. scenario I)
or (ii) at worst, experimental constraints may not be meaningful because the models have
– 17 –
been oversimplified. Option (i) is not particularly appealing in that it does not cover well
motivated possibilities such as Higgs mass generation (which, after all, is a mechanism we
know is realized by nature) or Majorana DM. The remaining option, (ii), is far from desirable.
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Appendix
A Cross Sections
In the scenarios discussed in this paper, the charges were fixed to particular values either to
satisfy gauge invariance, or to demonstrate the phenomenology. The full cross sections with
explicit QA,V and QS dependence are listed in this appendix for reference.
The full s-wave cross section for χχ→ Z ′Z ′ is
〈σv〉χχ→Z′Z′ =
g4χ (1− ηZ′)3/2
(
2Q2AQ
2
V (4− 3ηZ′) +Q4AηZ′ +Q4V ηZ′
)
4pim2χ (ηZ′ − 2)2 ηZ′
. (A.1)
This expression gives the s-wave contribution to the χχ→ Z ′Z ′ cross section for all cases, as
only the t/u channel diagrams contribute. (Scalar-mediator contributions only enter at the
p-wave level.) We see that if either QA or QV is zero, the cross section scales as 1/m
2
χ in the
limit that ηZ′ = m
2
Z′/m
2
χ  1, and is dominated by Z ′T contributions only. In the case that
both QA and QV are non-zero, the cross section instead scales as 1/m
2
Z′ in the ηZ′  1 limit,
which arises due to the Z ′L modes. Note however, that no violation of unitarity will occur
– the Z ′ mass cannot be made arbitrarily large while satisfying the constraint Eq. (4.7) and
restricting all couplings to perturbative values. This Z ′Z ′ cross section matches that in Refs.
[109, 110].
The full s-wave cross section for χχ→ sZ ′ is
〈σv〉χχ→sZ′ =
g2χ
√
(ηs − ηZ′ − 4)2 − 16ηZ′
256pim2χ (ηZ′ − 4)2 η2Z′ (ηs + ηZ′ − 4)2
× (A.2){
g2χQ
2
S (ηs + ηZ′ − 4)2
[
Q2A (ηZ′ − 4) 2
(
(ηs − ηZ′ − 4)2 − 16ηZ′
)
+Q2V η
2
Z′
(
(ηs − ηZ′ − 4)2 + 32ηZ′
) ]
+ 24
√
2gχQSQ
2
V yχ (ηZ′ − 4) η5/2Z′
(
η2s − 8ηs − η2Z′ + 16
)
+ 4Q2V y
2
χ (ηZ′ − 4)2 η2Z′
(
(ηs − ηZ′ − 4)2 + 8ηZ′
)}
.
Taking 2QA = QS = 1 and using the relation of the Yukawa and gauge coupling in Eq. (4.7)
recovers the cross sections for scenario II, QA = QS = 0 recovers the cross sections for
scenario III, and QA, yχ = 0 gives the cross sections for scenario IV.
It is still important to note however that the values for the charges cannot be chosen
freely and should obey the constraints discussed in this paper.
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